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Introduction
Under the pressure of exhausting conventional fossil fuels and exploring safe renewable energy, solid oxide fuel cell (SOFC) keeps attracting extensive attention compared with various other types of power sources due to its high conversion efficiency, low environmental pollution and high flexibility to various fuels [1] [2] [3] . The advantages of direct-methane solid oxide fuel cells (SOFC) are high energy efficiency and relatively simple system design, which is a promising candidate for stationary power generation. However, there is a critical issue of deactivation of the conventional NiO-electrolyte composite anode that need to be solved. A perfect SOFC anode should meet some requirements of high electronic conductivity, proper porosity and thermal expansion compatible with other cell components [4, 5] . After some early bad experiences using single-phase anodes, NiO-electrolyte composite anodes (e.g.
NiO-YSZ and NiO-SDC) have been the dominant SOFCs anodes for some fifty years [6] . The typical NiO-YSZ anode with excellent catalytic properties and good electrical conductivity is deactivated during operation because of its sensitivity to carbon build-up from in complete oxidation of methane, which can be improved through the substitute of ceria-based oxidation catalysts (e.g. SDC) [7] [8] [9] [10] [11] [12] . Recently, some new microstructure for NiO-SDC anodes were investigated as alternative anode materials for direct use with methane fuels, such as surface modification of NiO-SDC anode by impregnation [9] [10] [11] . This results have indicated that the adjustment of NiO-SDC anodes are very effective in suppressing catalytic carbon formation by blocking methane from approaching the nickel, which is catalytically active towards methane pyrolysis [13] [14] [15] [16] .
The anodic microstructure depends mainly on the characteristics of the starting powders, which is relevant to the synthesis route [17, 18] . It is difficult to achieve an uniform distribution of NiO and SDC particles with conventional mechanical mixing methods [19] . To achieve high-performance SOFC, researchers have lengthened the triple phase boundary (TPB) and redesigned the microstructure of the anodes [20] .
Techniques including the hydroxide co-precipitation [21, 22] , urea-combustion [23] , spray pyrolysis [24] , self-assembling [25] and gel-casting methods [26] have been developed to synthesize NiO-SDC anodes with long TPB and controllable microstructures.
A soft chemical method is proposed to synthesize SOFC anodes. In this work, we developed a novel one-pot, surfactant-assisted co-assembly approach to prepare porous NiO-SDC anode. The triblock copolymer pluronic P123 and hexamethylenetetramine (HMT) were used as the surfactant and reducing agents, respectively. The NiO-SDC composite nanoparticles were synthesized using an in situ chemical reduction at 550°C.
The development of alternative chemical approaches toward composite NiO-SDC materials, where the molecular for each phase are incorporated in a single step, may prove to be successful in not only creating a homogeneous composite material, but also creating a nanostructure [25] . The use of the direct hydrocarbon fuels can lower their operation costs by eliminating the need for an additional external reforming process. In addition, such commercial natural gas can be more safely stored and more readily available than hydrogen, which can also reduce the operation costs of SOFCs and enhance the overall system efficiency. The codoping strategy functioned in a cooperative way was adopted to improve the ionic conductivity of doped ceria and the ability to resist deactivation by carbon coking, which appears linked to the collaborative mechanism of the rare earth elements for methane cracking and reforming [17] . In Yoon's report, a new microstructure for NiO-SDC anodes with the improved performance, in which the nickel surface of the anode is covered with a porous SDC thin film, was fabricated by traditional impregnation process and employed as an alternative to conventional NiO-electrolyte composite anodes [18] . 
Experimental
All reagents were purchased from commercial sources and used as received. 
Cell fabrication
To evaluate the NiO-SDC nanocomposite powders as anode materials, two kinds of anode-supported SOFCs with different porous structure were fabricated. For the double-pore structure anode-supported cells, the NiO-SDC nanocomposite powders adding 10 wt.% starch as pore former were initially pre-pressed in a steel die. SDC powders (prepared using the citric acid combustion method) were added to the pre-pressed NiO-SDC substrates in the steel die. Subsequently, the SDC powders and NiO-SDC substrate were pressed together at 400 MPa and sintered at 1350°C for 5 h to denitrify the SDC membrane. Finally, the fine Sm 0.5 Sr 0.5 CoO 3-δ (SSC, prepared by a sol-gel process) powder was mixed thoroughly with a 10 wt% ethylcellulose-terpineol binder to prepare the cathode slurry [27] . The cathode material was painted on the SDC membrane and fired at 1000°C for 3 h in air to form a single cell. The active cathode area was 0.237 cm 2 . Ag paste was applied as the current collector for both anode and cathode. The cell was in situ reduced at 700°C for 2 h with humidified H 2 . After cooling down, humidified methane (~3% H 2 O) was fed into the anode chamber at approximately 30 mL·min −1 , and the cathode was exposed to atmospheric air. The anode side was sealed with Ag paste. The single-pore structure anode-supported cell without using pore former was fabricated and tested with the similar process.
Characterization
The thermogravimetric (TG) analysis of the synthesized powders was carried out on themogravimetric analyzer (Perkin-Elmer TGA7). Crystal phases of the synthesized powders were analyzed by an X-ray diffractometer (Philips X'Pert PRO SUPER) using nickel filtered Cu-Kαradiation. The morphology and particle size of the synthesized powders were examined by transmission electron micrographs (TEM, JEOL-2010).
The N 2 adsorption and desorption isotherms of anode powders were obtained at −196°C on an N 2 adsorption and desorption instrument (Omnisorp 100CX). The specific surface area was calculated using the BET model. The microstructures of the cell components after tested were investigated by a scanning electron microscopy (SEM, EDAX JEOL-JSM 840). Fuel cell performance was measured using a DC Electronic Load (IT8511). The electrochemical impedance spectra were measured under open circuit conditions using an impedance analyzer (CHI604B, Shanghai Chenhua)
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Results and discussion
Thermal analysis
The thermogravimetric analysis (TGA) was used to compare the weight loss of the as-prepared NiO-SDC powders before and after calcination. The samples were heated to 1200°C at 10°C·min -1 in air, as illustrated in Fig.1 . Before calcination, there is a gradual decrease in the mass of powders in the range 30-100°C, 100-550°C, and 550-1200°C by 3.38, 45.07, and 4.21 wt.%, respectively. This mass change corresponds to desorption from the surface of the powder-free or crystal-bound water, decomposition of remaining HMT or P123 surfactant species and coke calcinations, respectively. The remarkable change in mass is connected with the decomposition of remaining HMT or P123 surfactant species. It should be noted that the mass change of the calcined sample in the temperature range 30-1200°C was a minimal one (no more than 2.2 wt.%). This is due to the fact that the decomposition of remaining HMT or P123 surfactant species is almost complete in calcinations process, and a small change in mass appears because of the burning of C-containing residues and the thermally reduction to a non-stoichiometric state at high temperatures (Oxygen is released.).
Therefore, the organic templates were almost completely removed after calcination at 550°C and the NiO-SDC composite was thermally stable at high temperatures. confirm the cubic phase of NiO [28] . At the same time, the NiO-SDC composite powder is fine-grained with better crystallinity after calcination at 550°C. In addition, the low temperature N 2 adsorption and desorption isotherms indicated that NiO-SDC powder after calcination at 550°C had a large surface area (128.42 m 2 /g, calculated using the BET model). (Fig. 5a ). Many larger holes were disordered and mixed with the smaller pores. These large holes are produced by the starch, and the small pores were produced during the in-situ reduction of NiO to Ni. Notably, the small pores were orderly and uniformly distributed. The sizes of the large and small pores were approximately 5 μm and 0.3 μm, respectively. Fig. 5b shows the SEM images of the single cell without adding pore former, thus demonstrated a different pore structure from Fig. 5a . The pore can be also clearly observed which probably produced during the NiO reduction. Notably, these pores are orderly and uniformly distributed. It can also see from the inset, a well-connected network is observed on the anode cross section and the pore sizes on the network is approximately 0.3 μm.
Crystal structures and morphology

Electrochemical performance of single cells
To evaluate the electrochemical performance of the NiO-SDC, the anode- area, where the electrochemical reaction takes place. In addition, no significant degradation of the cell performance was observed after 60 hours (Fig. 6) , which means an increasing of long term stability. The two phases (NiO and SDC) with homogeneous distribution indicated that the new developed method could obtain nano-sized catalytic composite powders, which certainly benefits the cell performance [29] . The TPB is a region of contact between three different phases (an SDC electrolyte, a NiO electrode, and a methane gas fuel), which is a geometrical parameter that is of crucial importance for the performance of SOFC anode. High electrochemical performance required a high TPB in the anode, because increasing the TPB density will enhance the kinetics of the oxidation reaction that occurs between oxygen ions and methane fuel on the anode side of the cell, and thus increase cell performance. Using 3D imaging techniques like FIB-SEM [14, [30] [31] [32] [33] , the nanocomposite anodes with optimized electrode microstructure exhibit substantially higher TPB density, leading to higher cell performance and better stability [15, 16, [34] [35] [36] . Therefore, the new double-pore NiO-SDC anode with a wider TPB area is much more promising for direct-methane solid oxide fuel cells, compared with the conventional single-pore NiO-SDC anode.
Conclusion
In this works, a one-pot, surfactant-assisted co-assembly approach is developed to synthesize the NiO-SDC composite anode with new double-pore microstructure, which was investigated as an alternative anode for direct-methane SOFC and was compared with the conventional mechanical mixed NiO-SDC anodes. As a result, the cell performance was improved by 40%-45% with the new double-pore NiO-SDC anode relative to the cell performance with the conventional NiO-SDC anode due to a wider triple-phase-boundary (TPB) area. In addition, no significant degradation of the cell performance was observed after 60 hours, which means an increasing of long term stability. Therefore, the as-synthesized NiO-SDC nanocomposite is a promising anode for direct-methane solid oxide fuel cells. 
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